Abstract. This paper discusses the factors influencing the durability of glued assemblies of wood and cementitious material under variable hygrometric conditions. The composite specimens are composed of cement paste connected to plywood using epoxy glue. The cement paste is subjected to autogeneous shrinkage and the wood is subjected to imbibition test. Plywood is used so that the swelling deformations due to the imbibition process are parallel to the connection plane. Swelling strains in wood are related to the water content measured by gammadensimetry technique. Global strains above and below the glue interface have been measured and have been compared to the free strains. We showed that there are restrained deformations at the glue interface and that the cement paste is damaged. Local strains have been characterized by means of the digital image correlation technique. We showed in particular that the deformations in wood are related to the microstructure of the layers of plywood and that the restrained deformations at the glue interface lead to a bending of the cement paste. In the case of strong adhesion properties, this bending induces cracking in cement paste.
Introduction
Within the context of sustainable development, wood-concrete composite structures appear to be an innovative solution because they combine mechanical performance with minimum environmental impact. In this context, the Navier laboratory has developed new bridges structures composed of ultra-high-performance fiber-reinforced concrete (UHPFRC) glued on wood beams. Three-point flexural tests carried out on these wood-concrete beams showed that glued assembly of the two materials is an efficient technique in terms of stiffness and ultimate load of the beams [1, 2] . Glued assembly is stiffer than the specimen made using common joining techniques (for instance expanded metal band) and the ultimate load is roughly 20% higher.
These results, however, have to be confirmed when the wood-concrete composite is subjected to variable hygrometric conditions because moisture content variation may induce damage in the different materials (glue, wood and concrete). At first, adhesives are very sensitive to environment conditions. Properties of adhesive joints may be altered by irreversible mechanisms when they are exposed to humidity. In case of structural bonded timber joints [3] , it is shown that water may a e-mail : sabine.care@lcpc.fr physically damage the adhesive by hydrolysis or cracking, leading to a loss in the strength of the adherent itself and may produce an unstable adhesive/adherent interface. Secondly the materials wood and concrete may be damaged [4, 5, 6] due to restrained deformations during drying process. In the case of wood, it is possible to observe drying defects due to shrinkage anisotropy leading to warping and cracking. In the case of concrete, as cement is mixed with more water than what is needed to hydrate it, much of the remaining water evaporates, leading to shrinkage and thus to cracking because of restrained deformations due to aggregates. Finally, possible restrained deformation at the concrete/wood interface may induce stresses in wood or in cementitious materials during the variable hygrometric conditions. The aim of this paper is to evaluate the potential effect of the restrained deformations on the durability of the wood/concrete assembly. We present here an accelerated degradation test which allows characterizing the restrained deformation at the glue interface.
Materials and methods

Samples and degradation test
Sample: The composite specimen (70mm x 65mm x 50mm) is composed of cementitious material connected to wood sample using epoxy glue. The wood sample is made from three glued plywood sheets composed of eleven layers of Okoumé. Okoumé (Aucoumea Klaineana Pierre) is an exotic wood species grown in Africa and is often used to manufacture plywood. The cementitious material is a cement paste with a water to cement ratio W/C equal to 0.4 and made of Portland Cement (European grade CEM I, 52.5).
Degradation test:
The cement paste is sealed with a vinyl sheet to prevent evaporation and the wood is subjected to a unidirectional imbibition test from below (see fig. 1 ). Two cases are studied: composite samples with fresh cement paste glued to plywood (case W + CP) and with old cement paste (28-days-old) glued to plywood (case W + CP 28 days). In the first case, the imbibition test is carried out one day after the casting and in the second case, one day after the gluing of the cement paste. Thus, the two studied cases allow analysing the effect of the autogenous shrinkage and the stiffness of the cement paste on the damage mechanisms of the composite. Plywood is used so that the swelling deformations due to the imbibition process are parallel to the connection plane. This study does no take into account the effects of the warping of the wood due to its anisotropy. 
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Characterization of the materials
Cement paste: linear autogeneous shrinkage versus time has been determined according to standard testing procedures (NF P 15-433) and Young's modulus has been obtained by ultrasonic method.
Plywood: the water ingress profiles in wood have been imaged, along the Y direction, during the imbibition process, by means of the gammadensimetry method. Gammadensimetry is based on the absorption of gamma-rays emitted by a radioactive source of Cesium Cs 137 , which follows Lambert's law. The water content u is given according to: u = m w /m dry wood where m w is the mass of water inside the porosity of the wood and m dry wood is its oven-dry mass (obtained by drying in an oven set at 103°C). Free strains along the X direction have been determined at different heights with a micrometer palmer which accuracy is about ±10 μm (see fig.1a ). Optical microscopy OM has been performed to image the wood microstructure at the cellular level. Thin cross-sections have been observed at magnification x100 after having been additionally treated with bleaching water.
Cement paste-Plywood composite: Global strains, above and below the glue interface, are measured with a micrometer palmer (accuracy: ±10 μm). Digital image correlation (DIC) is used to characterize the local strains and the mechanical incompatibilities, at the scale of the interface and of the microstructure heterogeneities [7, 8] . A rather standard optical setup is used to record images of the whole sample (plane X Y, field: 60 x 60 mm 2 , pixel size: 30 Pm). Samples have been marked with black speckle painting. The image recorded at the beginning of the test is considered as the reference image. The analysis of displacement and strain fields by the CMV software [7] provided information about the swelling of plywood and the initiation of damage, as a function of time. Images have been taken every half an hour through an automatic system.
Results
1 Wood and cement paste properties
Microstructure of wood: OM observations showed that the vessels elements and wood fibres are parallel (V layer) or orthogonal (H layer) to the direction Y, in coherence with the fact that the layers are glued together so that adjacent plies have their wood grain at right angles to each other (see fig.  1b ). 
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Water content u and free deformations of wood: Free strains of wood are determined along the direction X at different heights (average of four values) and are plotted against the water content given by gammadensimetry method. The water content u in wood increases with time (see fig. 2a ) because of two different processes: at first capillary migration in the connected vessels, then diffusion in the other wood parts. At the bottom of the specimen, the water content is maximum and equal to about 125% and near the glue interface varies between about 10% at t=0 days and 20% after 21 days of imbibition test. The water content u is quite the same at the heights Y=35mm and Y=45mm. The free deformation measurements at different heights showed that the strain first increases with time and then saturates at about 4.6% in coherence with the radial strain of Okoumé (see fig. 2b and 3a) . In particular, we showed that the addition of water in wood by imbibition process induces swelling deformation below the fibre saturation point (FSP §35%, see fig. 2b ).
Properties of cement paste:
Free deformation measurements of cement paste after casting at 24h showed that the strain decreases with time because of hydration process; it remains almost constant after about 28 days (see fig. 3b ). The free strains are equal to about -210 -4 at 2 days and -1.210 -3 at 28 days. During hydration process, the Young's modulus increases and remains constant after 28 days as well. It is equal to about 15 GPa at t=2 days and 22 GPa at t=28 days. In the first case (fresh cement paste glued on plywood), the mechanical properties of the cement paste evolve during the imbibition process. In the second case (old cement paste glued on plywood), the properties of the cement paste can be considered as constant, with almost no shrinkage of the glued cement paste due to hydration.
2 Composite specimen durability
Global strains: Strains above and below the glue interface have been measured versus time and compared to the free strains (see fig. 3a, 3b) . The time to cracking corresponding to the first "visible" crack (with width equal to about 0.1mm) has been determined and the crack path on the outer surface has been observed too (see fig. 4a, 4b) . The strains in wood, below the glue interface, are always inferior to the free strains of wood for the two cases (W+CP and W+ CP 28 days). Furthermore, wood swelling is very limited for up to about 2 days as a consequence of restrained deformation due to epoxy glue. The increase of deformation after 2 days may be explained by the fact that the cement paste is damaged (see fig. 4a,  4b) . Indeed, deformations at the glue interface are no longer restrained when cracking is observed in the cement paste (after about 4 days). These results are confirmed by deformation measurements in cement paste, above the glue interface. Overall strains in cement paste phase are the same order of magnitude than the strains in wood during the first 2 days. After 2 days, the measured deformation 28002-p.4
14th International Conference on Experimental Mechanics increases with time and the measurements essentially quantify the crack openings. Cracking is induced at the glue interface and propagates through the cement paste. Crack opening is larger in the case W+CP (fresh cement paste glued to plywood) in coherence with the lower resistance of fresh cement paste. In the two cases, "visible" cracking is generated at the glue interface at t=4 days.
Local strains: Local strains in the glued assembly with fresh cement paste (case W +CP) have been determined with the DIC technique. This analysis allows showing that the response of imbibition process is heterogeneous, as seen in fig. 5a , 5b giving strain maps, relative to a local gage length of about 60 pixels, i.e. about 2mm. On these maps, the local deformations are represented by little crosses oriented along the principal axes of deformation and with the longer branch along the direction with the higher deformation. At first, it is shown that the deformation in the wood phase is strongly heterogeneous because of the structure of the plywood. Two levels of deformation can be determined related to the microstructure of the layers of Okoumé. The strain is higher in the layers where the wood fibres are vertical than in the layers where the wood fibres are horizontal. Below the glue interface, the local 28002-p. 5 strains are lower in coherence with lower water content u as shown in Fig. 2a . The DIC method shows that there is an effect of the restrained deformations at the glue interface on the strain fields. The restrained deformations at the glue interface induce a bending of the cement paste due to differential deformation between the glue interface and the free surface, as shown by the directions of the eigenstrains. Two cases have been studied. The first case is in coherence with the global deformation measurements and the visual observations. The bending of the cement paste induces a localization of strains at the glue interface at t=2 days leading to cracking. This result is consistent with the measured global deformation in cement paste (see Fig. 3b ) and the appearance of cracking at t=4 days. The second case is quite different because the glue was altered. No cracking in cement paste has been observed, but the bending of the cement paste leads to an ungluing, certainly because of weaker adhesion properties.
